RNA helicases, like their DNA-specific counterparts, can function as processive enzymes, unwinding RNA with a defined step size in a unidirectional fashion. Recombinant nuclear DEAD-box protein p68 and its close relative p72 are reported here to function in a similar fashion, though the processivity of both RNA helicases appears to be limited to only a few consecutive catalytic steps. The two proteins resemble each other also with regard to other biochemical properties. We have found that both proteins exhibit an RNA annealing in addition to their helicase activity. By using both these activities the enzymes are able in vitro to catalyse rearrangements of RNA secondary structures that otherwise are too stable to be resolved by their low processive helicase activities. RNA rearrangement proceeds via protein induced formation and subsequent resolution of RNA branch migration structures, whereby the latter step is dependent on ATP hydrolysis. The analysed DEAD-box proteins are reminiscent of certain DNA helicases, for example those found in bacteriophages T4 and T7, that catalyse homologous DNA strand exchange in cooperation with the annealing activity of specific single strand binding proteins.
INTRODUCTION
Regulated rearrangement of structured RNA in macromolecular assemblies is essential during processes such as ribosomal biogenesis or RNA splicing, transport, translation and degradation. Furthermore, the folding of large RNAs is often a multi-step process itself. It includes intermediate conformations which require protein-catalysed alterations on the way to the correct fold (reviewed in [1] [2] [3] [4] .
The resolution of double-stranded (ds) RNA is catalysed by RNA helicases in a nucleotide triphosphate-dependent manner (reviewed in 5). Most of these proteins possess a variant of a so-called helicase domain characterised by eight blocks of conserved amino acid sequences (6) . One of these motifs, the ATP hydrolysis motif (Walker B motif), allows them to be grouped into distinct families such as the DEAD-, DEAH-and DExH-box families. Many DExD/H-box proteins are putative or demonstrated RNA helicases (7, 8) . Like DNA helicases (reviewed in 9), at least some of them seem to act in a processive and unidirectional fashion with a step size of roughly one half helix turn (10) . Processivity reflects the probability that a helicase will perform the next unwinding step rather than dissociate from the substrate and individual RNA and DNA helicases show quantitative differences in this property (10, 11) . The exact molecular basis of processivity is unknown, but a quantitative correlation between ATP utilization and helicase processivity has been demonstrated (10) .
Another feature of several RNA-binding proteins is to enhance the annealing of complementary single-stranded (ss) RNA (12) . Such an RNA-folding activity, among other things, has been reported to play an important role in splicing (13, 14) and translation (15, 16) . Some of these proteins contain a common arginine/serine-rich motif (17) though others, like the tumour suppressor p53, do not (18) . Interestingly, a DExD-box protein with demonstrated RNA helicase activity, RNA helicase II/Gu, has been reported to contain an extra RNA annealing activity, the function of which is unclear (19) . It is also unknown whether the two activities of the enzyme can cooperate under certain conditions, which is conceivable. Thus, it has been speculated that the dissociation of dsRNA structures is functionally coupled to the formation of new structures in the splicing of pre-mRNA, where several DExD/ H-box proteins are involved (reviewed in 20, 21) . Furthermore, a structure mimicking a Holliday junction has been proposed to exist in the newly assembled spliceosome, which may serve to juxtapose the 5′ and 3′ splice sites and to allow essential conformational changes to occur, probably by branch migration (22) . Holliday structures are well-characterized intermediates in homologous recombination of DNA molecules. In Escherichia coli, they are induced and processed by RecA, a protein with DNA-dependent ATPase and DNA annealing activity that are both essential for homologous DNA strand exchange (reviewed in 23, 24) . Moreover, detailed structural analyses of RecA and several DNA and RNA helicases have shown that their active centres have similar folds (25) (26) (27) (28) , indicating that all helicases may be structural homologues of RecA. Thus, the question arises whether RecA-like recombinational activities are also inherent in some RNA-specific ATPases.
The nuclear DEAD-box protein p68 was identified 20 years ago because of its immunological relations to the SV40 large tumour antigen (29, 30) . Biochemical studies revealed that both *To whom correspondence should be addressed. Tel: +49 6841 166020; Fax: +49 6841 166521; Email: bchsta@krzsun.med-rz.uni-saarland.de proteins possessed NTP-dependent RNA helicase activities, the cellular functions of which are still unclear (31, 32) . Recently, another human DEAD-box protein, p72, has been detected which is highly homologous to p68 (33) . The two relatives (and possibly additional not yet identified ones) may form a subgroup with similar biochemical properties within the DEAD-box protein family. p68 and p72 were found in a wide range of vertebrate species (33-35 and our own observations), but only one gene, closely related to both, is encoded by the yeast Saccharomyces cerevisiae (36) . p68 seems to be required for normal growth and development and its expression appears to be regulated in a complex way (34, 37, 38) .
We report here that p68 and p72 possess RNA annealing activity in addition to a low processive RNA helicase activity. We show that coupling of both activities enables the proteins in vitro to rearrange RNA secondary structures that are otherwise too stable to be resolved by their helicases. Implications of this new activity for the cellular role(s) of the proteins will be discussed.
MATERIALS AND METHODS

Cloning procedures and preparation of recombinant proteins
pDOR6 was constructed by cloning a PCR product (nucleotides 2213-2303, amplified with a sense and an antisense primer containing additional BamHI and HindIII sites) of the E.coli deaD gene (accession number M63288) in the respective site of pGEM-7Zf(-) (Promega). A description of the pGEM derivatives C4, MO1, MO1/2 and CS is given in Scheffner et al. (32) . To generate a recombinant p68-baculovirus strain, the coding sequence of the p68-cDNA (nucleotide sequence 1-1849; 39) was subcloned into the baculovirus transfer vector pAc610 (Dianova). A recombinant p72-baculovirus strain was obtained via the recombinant transfer vector pBAKPac-His-p72, which was generated by PCR amplification of the human p72-cDNA (primers located at 1-21 and 1963-1984 and containing additional BamHI and HindIII sites) and cloning of the BamHI-HindIII digested fragment into the transfer vector pBAKPac-His1 (Clontech). The nucleotide sequence of the resulting construct was verified by DNA sequencing and coded for p72 containing a histidine tag at the N-terminus. To generate recombinant baculovirus strains coding for p68 deletion mutants, respective parts of the p68-cDNA (p68 , an AcyI-SspI fragment; p68 , an AcyI-EcoRI fragment and p68 , an EcoRI-KpnI fragment) were inserted into pAcSG-His NT (Dianova) resulting in respective polypeptides with histidine tags at their N-termini. For isolation of recombinant proteins, Sf9 cells (grown at 27°C in SF900 medium containing 7.5% FCS) were infected with the respective baculoviruses at a m.o.i. of 10 and harvested 40 h post-infection. All subsequent steps were performed at 3°C. Nuclear extracts of wild-type and mutant DEAD-box proteins were prepared as described (31) . p68 was immunopurified using monoclonal antibody C10 crosslinked to protein ASepharose (Pharmacia). Bound p68 was eluted with the oligopeptide used for immunization (20 mg/ml). The eluant was dialysed against buffer A (25 mM Tris-HCl pH 7.8, 50 mM NaCl, 20% glycerol, 1 mM EDTA, 10 mM mercaptoethanol, 0.1% Triton X-100) and p68 was stored in aliquots at -70°C. p72 was purified from nuclear extracts by affinity chromatography on Ni 2+ NTA-cellulose (Qiagen) eluting at 200 mM imidazol and further purified by heparin-Sepharose (1 ml HiTrap column; Pharmacia) and ssDNA-cellulose affinity chromatography, dialysed against buffer A and stored at -70°C. Purified p72 as well as p68 sedimented as a homogeneous peak at about 4-5 S in a sucrose gradient (31) . Mutant p68 polypeptides (p68 , p68 , p68 387-614 ) were purified from insect cell extracts infected with the respective baculoviruses by affinity chromatography on Ni 2+ NTA-cellulose and obtained polypeptides were further purified by ssDNA-cellulose column chromatography. Mutant proteins were recoverd at 200-300 mM NaCl, dialysed against buffer A and stored at -70°C.
RNA
RNA was produced by run-off transcription of the respective linearised pGEM3-(Promega) and pGEM-7Zf(-) derivatives as recommended by the supplier. Where indicated, it was uniformly labelled with [α-32 P]CTP (specific activity: 2 × 10 4 d.p.m./pmol). Partially dsRNAs were prepared by hybridisation of the respective complementary transcripts at a 3-fold excess of unlabelled over labelled strands in 80% formamide, 400 mM NaCl, 1 mM EDTA and 40 mM PIPES pH 6.4 (Table 1) . For hybridisation, RNA mixtures were heated at 80°C for 15 min and further incubated at 50°C for 3 h. Hybrid RNAs were isolated after electrophoretic separation in non-denaturing polyacrylamide gels (in 0.5× TBE) by elution from respective crushed gel slices in 300 mM sodium acetate, 5 mM EDTA pH 5.3 at room temperature. RNA concentrations are expressed in terms of moles of nucleotides. The nucleotide sequences of all RNAs used were of random choice and were not found to have an influence on p68 or p72 activities.
Assays
RNA-binding activity was determined by the retention of 32 P-RNA (synthesized by run-off transcription of the PvuII-restricted plasmid pGEM-C4 with SP6 polymerase) ( Table 1) on nitrocellulose filters as previously described (31) . Reaction mixtures (40 µl) contained indicated amounts of protein, 25 nM RNA, 80 mM NaCl, 1 mM EDTA, 1.5 mM DTT and 40 mM TrisHCl pH 7.5 and were incubated for 30 min on ice.
RNA helicase activity was assayed as decribed previously (32) . In brief, reactions were performed in 40 µl volumes containing 12.5 nM RNA, 0-100 mM NaCl, 5 mM MgCl 2 , 4 mM ATP, 1.5 mM DTT, 30 mM Tris-HCl pH 7.5, 30 µg/ml RNase-free BSA and 0.5 U/µl RNAsin. After incubation at 37°C for indicated times, reactions were stopped by addition of 0.1 vol of 3% SDS, 150 mM EDTA and analysed by SDS-PAGE and autoradiography. Assay conditions for RNA-RNA annealing activity and analysis of reaction products were exactly as descibed for RNA unwinding, except that Mg 2+ -ATP was not essential and was omitted. The partially complementary RNA strands were used at a 1:3 molar ratio with 12.5 nM of the labelled strand (130 nt in length) and 36.6 nM of the unlabelled strand (127 nt in length). Strand exchange reaction conditions also corresponded to those of RNA helicase reactions. A 1:3 ratio (with respect to RNA molecules) of dsRNA to homologous third strand was used in all assays. For strand exchange reactions with the 17 bp RNA as the substrate, the third strand used was obtained by transcription of pGEM-MO1/2 (digested with PvuII) with SP6 polymerase, for strand exchange reactions with the 44 bp RNA substrate, the third strand used was obtained by transcription of pGEM-3 (digested with HaeII) with SP6 polymerase and for strand exchange reactions with the 76 bp RNA substrate, the third strand used was obtained by transcription of pGEM-7Zf(-) (digested with HaeII) with T7 polymerase. Autoradiographic signals of labelled products of the RNA helicase and annealing reactions were quantified with a Molecular Dynamics densitometer.
RESULTS
The p68 subfamily of RNA helicases p68 (31,40) and p72 (33) have been shown to be RNAdependent ATPases, whereas RNA helicase activity so far could only be demonstrated for p68 (31) . We were interested in a comparative biochemical analysis of this subgroup of DEAD-box proteins and first subjected the purified recombinant proteins expressed in the baculovirus insect cell system (Fig. 1A) to RNA helicase activity analysis monitored by gelshift electrophoresis ( Fig. 1B and C) . As expected, recombinant p72 as well as p68 showed an ATPase-dependent RNA helicase activity with a partial dsRNA as a substrate containing a small duplex (17 bp in length, Fig. 1B ). Further experiments revealed that a ss 3′ overhang of the RNA substrate is essential and sufficient for unwinding with both proteins (left panel of Fig. 1C) ; dsRNA with only a ss 5′ overhang was not unwound (data not shown). The two helicases only differed slightly with regard to the dependence on ionic strength and the acceptance of nucleotide triphosphates other than ATP as an energy source (data not shown). Respective RNAs with a duplex length of 25 bp (Fig. 1C ) or 32 bp (data not shown) were also unwound though with decreased efficiencies (defined as the final fraction of unwound substrate RNA), whereas RNA duplexes of ≥41 bp (Figs 1C and 5A, lanes 3 and 4) were hardly separated into their single strands or not at all, respectively. The inability to separate longer duplexes (>40 bp) most probably results from premature dissociation during the course of reaction followed by immediate reannealing of partially unwound strands before another enzyme molecule is bound. (Note that the helicase assay used does not give a signal until the duplex is completely unwound.) The RNA helicase NPH-II, as well as some DNA helicases (10), has been shown to act with a step size of roughly one half helix turn (41) . If this is also the case with p68 and p72, then both enzymes need to perform six to seven continuous unwinding steps in order to separate the strands of a 30-35 bp duplex RNA and therefore must be regarded to be processive helicases that nevertheless have a relative high tendency to release the substrate. In good agreement with this conclusion, p68 and p72 also unwound the 25 bp RNA substrate (though with decreased efficiency) under single-turnover conditions with respect to the RNA substrate, obtained by adding a 500-fold excess of non-specific 'trap RNA' to prevent the helicases from reassociation with duplex once they fall off during the course of reaction (Fig. 1C , lanes 5 and 6).
RNA renaturation activity
At increasing p68 or p72 concentrations, RNA of high molecular weight, which was sensitive to heat denaturation, was Therefore, we assumed that these DEAD-box proteins may also have the capacity to enhance the annealing of complementary strands. The annealing activity may predominate then at over-saturating protein concentrations, leading to cross hybridisation products. In fact, in separate annealing assays each protein was found to increase the renaturation rate of complementary RNA strands on dependence of protein concentrations. (Fig. 2 ; note that in the annealing assay complementary RNA stretches were chosen that were >40 bp, and thus cannot be re-unwound by the helicase activity). The optimal annealing conditions were found to be similar to those for unwinding, but Mg 2+ -ATP was not essential. When the rates of p68- (Fig. 2C ) or p72-catalysed annealing (data not shown) were compared with those of uncatalysed hybridisation, a factor of rate enhancement of 1600 was obtained. The helicase, ATPase and ATP-independent annealing activities showed identical profiles during sucrose gradient sedimentation, excluding that the annealing activity is being performed by a contaminating protein (data not shown). Furthermore, binding of monoclonal antibody Pab 204 to p68 (which binds to amino acids 506-523) (30) partially inhibited the annealing activity ( Fig. 2A , lane 10) whereas monoclonal C10 (which binds to amino acids 600-614) (38) had no effect (data not shown). RNA-binding proteins may induce renaturation of complementary RNA strands by assisting their finding through simultaneous binding to several RNA molecules (16) . Because p68 and p72 were not found to form oligomeric complexes (H.Stahl, unpublished results), we analysed one of them, p68, for occurrence of multiple RNA-binding sites within the polypeptide chain by mutant studies. We found that purified p68 deletion mutants containing either amino acids 1-189 (p68 1-189 ), 1-386 (p68 ) or 387-614 (p68 387-614 ) bound to a test RNA with an efficiency similar to that of the wild-type protein in a nitrocellulose filter binding assay (Fig. 3A) . However, only mutant p68 1-386 exhibited a significant RNA annealing activity, whereas that of the other mutants was strongly reduced (Fig. 3B) . Mutant p68 seems to contain, therefore, more than one RNA-binding site encoded by small arginine stretches as well as arginine-lysine-lysine (RGG) repeats present in this part of p68 (as well as of p72) and this may provide a structural basis for its annealing activity. As was expected, neither mutant showed RNA unwinding activity (data not shown) (42) .
Formation of joint molecules and catalysis of branch migration
Because p68 and p72 can mediate RNA annealing and unwinding with similar efficiencies under physiological conditions, a rearrangement of structured RNA could be envisaged to be catalysed by the two activities. In DNA strand exchange reactions some proteins (e.g. Rad51) (43) require an overhanging complementary end on the dsDNA to initiate the reaction. We therefore used similar RNA substrates (Fig. 4A) to test whether p68 and p72 could (i) catalyse the formation of joint RNA molecules and (ii) resolve such structures which are stable under physiological conditions by catalysing branch migration through their homologous ds part in an ATPdependent manner.
Branch migration structures are very unstable under reassociation conditions (T m -25°C), and thus the displacement of small DNA or RNA strands (up to 35 nt in length) by branch migration proceeds spontaneously at 37°C (44) . Consequently, RNA strand exchange concerning such short homologous duplexes can be promoted under physiological conditions by proteins with an RNA annealing activity, like the tumour suppressor p53 or eIF-4B, in an ATP-independent manner (16, 18) . We found that p72 and p68 as well as the deletion mutant, that retained the annealing activity (p68 ; data not shown), also mediated strand exchange in the absence of ATP, when RNA substrates with corresponding short homologous duplexes were used (Fig. 4B) ; the other p68 mutants were inactive (data not shown). In the absence of protein, no strand exchange was observed under the reaction conditions and the data strongly confirm that the two DEAD-box proteins can catalyse the formation of joint RNA molecules most probably by their renaturation activity. In homologous recombination in E.coli, branch migration can be catalysed by specialized DNA helicases (reviewed in 23). It has been suggested that the mechanism of branch migration might involve the transient unwinding and rewinding of dsDNA (reviewed in 9). Interestingly, the E.coli RuvB DNA helicase, which has been shown to catalyse branch migration, works less processively in isolated unwinding reactions and it has been shown that a mutant RuvB with a damaged DNA helicase activity can still catalyse branch migration (45) . The low processive helicase activity of RuvB is paralleled in p68 and p72 and this may point to an ATP-dependent function of p68 and p72 in RNA rearrangement processes, possibly also involving protein-catalysed RNA branch migration. To test this hypothesis, we used RNA substrates, suitable to form branch migration structures that are stable under the strand exchange reaction conditions and need to be resolved enzymatically, like that shown in Figure 5C with a homologous 76 bp ds region. First, we confirmed (in the absence of the homologous third strand) that the input 76 bp RNA could not be unwound by the p72 (Fig. 5A, lanes 3 and 4) or the p68 (data not shown) RNA helicase. Next, we tested whether a stable branch migration structure was formed from the input RNAs in the strand exchange assay. Indeed, p72 (Fig. 5A) and p68  (Fig. 6A and data not shown) induced the formation of a specific larger RNA, most likely the expected branch migration structure, in the absence of ATP or in the presence of a non-hydrolysable ATP analogue. To confirm that all three strands were present within this larger RNA, we radioactively labelled either one of the three input RNA strands and, in each case, the same RNA product was obtained (Fig. 5C) . Furthermore, after isolation from the gel, each product was found to yield the respective labelled free single strand by heat denaturation (95°C for 5 min). The partially ds nature of the branch migration structure was confirmed by resistance of the base paired parts of the first and the third strand against S1 nuclease digestion (data not shown). The branch migration structure appeared to be stable; in particular, no dissociation by strand displacement into the final 123 bp hybrid RNA was observed after incubation under the strand exchange conditions (37°C) for several hours. In a more detailed analysis, it showed the same thermal stability as the branch migration structure formed from the same RNAs under hybridisation conditions. Structures were stable at 37°C and dissociated after 10 min at 60°C, which confirms that RNA-, like DNA-branch migration structures, dissociate very rapidly by strand displacement under reassociation conditions (data not shown) (44) . When the rate of formation of the branch migration structure was determined (Fig. 5B) , it was found to be in the same range as . Autoradiographic signals of labelled RNA in branch migration structures were quantified with a densitometer (Molecular Dynamics). (C) ATP-dependent branch migration catalysed by p72. As a substrate, we used the same RNAs as in lanes 5-8 of (A) with a different strand being 32 P-labelled in each column (strand I, lanes 1-4; strand II, lanes 5-8; strand III, lanes 9-11; see also the design of the reaction at the bottom). Strand exchange reactions were performed with p72 (2 nM) in the absence of ATP for 15 min exactly as described above [lanes 5-8 in (A)] and samples were either analysed directly thereafter (lanes 3, 7 and 10) or after an additional incubation in the presence of ATP (4 mM) for 15 min at 37°C (lanes 4, 8 and 11). Some probes were heat denatured instead of incubated (lanes 1 and 5) or were incubated without protein (lanes 2, 6 and 9). A design of the RNA strand exchange reaction is shown at the bottom with the individual strands marked by roman numbers, and arrows with asterisks indicating the labelled strand in respective reactions. The formation of joint molecules and RNA strand exchange activity was monitored by gel-shift electrophoresis in (A), (B) and (C).
that of p68-and p72-catalysed annealing, confirming the hypothesis that the annealing activity of these proteins is responsible.
Next, we addressed whether the branch migration structure formed in the absence of ATP can be resolved by p68 or p72 after the addition of Mg 2+ -ATP. We found that each protein was able to convert the branch migration structure into a product that comigrated with a 123 bp hybrid RNA formed under hybridisation conditions from the two strands that contain the homologous region (RNA strands II and III in Fig. 5C ). Furthermore, when the non-homologous strand of the 76 bp RNA (strand I in Fig. 5C ) carried the radioactive label, its dissociation from the branch migration structure could be traced in the strand exchange assay (Fig. 5C, lanes 2-4) and when the third strand was labelled, it became part of the 123 bp RNA (Fig. 5C, lanes 9-11) . p72-and p68-catalysed branch migration was dependent on protein concentrations and was also observed when Mg 2+ -ATP was added to the reaction prior to the proteins (Fig. 6A) . As can be seen from Figure 6A , p68 was less active than p72 in the resolution of the 76 bp branch migration structure at saturating protein levels, which may reflect differences in their processive mode of action that became not obvious in the helicase reactions (Fig. 1C) . Indeed, when we reduced the length of the homologous ds part in the branch migration structure to 44 bp, the efficiency of the p68-catalysed strand exchange reaction strongly increased though it was strictly dependent on the hydrolysis of ATP in all cases (Fig. 6B ). This may indicate that protein-catalysed RNA branch migration, like RNA unwinding, is also performed with a defined step size and that p68 dissociates from branch migration structures after each step with higher probability than p72. However, the matter needs to be analysed in more detail by kinetic experiments.
DISCUSSION
We have shown here that p72 is an ATP-dependent RNA helicase with properties similar to that of p68. RNA unwinding with both enzymes proceeds in a defined 3′ to 5′ direction with respect to the essential ss 3′ overhang. Strand separation was also observed under conditions that prevent the helicases from restarting the reaction once they fall off during the course of unwinding. Therefore, the analysed RNA helicases seem to act in a processive manner, though the size of duplexes that can be separated efficiently was <40 bp. In contrast to the DExH RNA helicase NPH-II from vaccinia virus II that can unwind >100 bp (10), the processivity of p68 and p72 must be regarded as low, allowing them to only perform six to seven continuous unwinding steps, provided that their step sizes equals those of other RNA and DNA helicases (10, 41, 46) . Our studies add support to the notion that processivity varies with the RNA helicase used and seems to be an important characteristic with respect to function. Notably, the prototype of DEAD-box proteins, eIF4A, acts in a non-processive manner and dissociates from the substrate after each unwinding step (46) . Consequently, eIF4A can only separate very small RNA duplexes (up to ∼12 bp) in a process composed of ATP-dependent unwinding of 5-6 bp (equivalent to approximately one half helix turn) and thermal melting of the rest (46) .
RNA-binding and unwinding by DExD/H-box proteins (with the exception of E.coli DbpA that specifically interacts with 23 S ribosomal RNA) (47) apparently shows no substrate specificity in vitro and this raises the question of the mechanisms or factors that direct the roles of these enzymes in vivo. RNA helicases may be restricted to defined cellular compartments by specific interaction with anchoring proteins (48) and indeed, p68 and p72 seem to be bound to subnuclear structures from which they can only be extracted under stringent conditions (31) . Another way to prevent inopportune resolutions of at least more stable RNA secondary structures may be to limit the processivity of RNA helicases, forcing them to prematurely dissociate from their substrates (and allowing the partially unwound strands to reanneal). Consistent with this idea, the processivity of p68 and p72 is intrinsically low, though it may be upregulated in vivo by factors that control the accessibility of their NTP binding sites (46) .
We have shown here that recombinant p68 and p72 have an annealing in addition to the RNA helicase activity and that both proteins can couple the unwinding of existing RNA secondary structures to the rearrangement of new ones in an in vitro assay. Though their in vivo functions are not known, this could be a means in the cell to compensate for the low processivity of these RNA helicases in processes that demand the resolution of longer RNA duplexes. Protein-induced annealing seems to require more than one nucleic acid binding site within As a substrate a 44 bp partially dsRNA plus a respective homologous single strand was used, the structure of which was otherwise similar to that of the 76 bp substrate (Materials and Methods). RNA strand exchange activity analysis was performed as described above at 1.5 (lane 4) or 3 nM (lanes 5 and 6) p68 with or without ATP as indicated. a given enzyme (e.g. RecA) (49) , which could be provided by multiple subunits of an oligomeric complex. Though dimerisation or hexamer formation is common to several DNA and RNA helicases (reviewed in 50), p68 and p72 seem to function as monomers in agreement with our mutant studies that show that the p68 polypeptide has multiple RNA-binding sites, which are regarded as a prerequisite for monomeric helicases. On the other hand, we cannot exclude that oligomerisation is finally induced by contact with the substrate as may be the case with the RNA helicase from hepatitis C virus (51) . The annealing activity may also explain the previously reported p68 inhibition of DNA unwinding through several DNA helicases (31) .
With their biochemical activities, p68 and p72 resemble the RecA family proteins that, among others, have a DNAdependent ATPase, a DNA annealing activity and catalyse branch migration (reviewed in 23). Furthermore, DNA branch migration is also catalysed by replicative DNA helicases, such as those encoded by the the bacteriophages T4 and T7, which in complex with an annealing activity mediate DNA strand exchange (52) (53) (54) . The mechanistic manner of how p68 and p72 form branch migration structures and drive branch migration through a duplex in an ATP-dependent manner remains to be elucidated. However, the observed RNA strand exchange does not simply result from an isolated action of their unwinding and annealing activities, but rather appears to reflect an extra enzymatic quality. This can be concluded from the apparent higher processivity observed in the branch migration reaction as compared with unwinding (Fig. 6A) . The input partially dsRNA of the used branch migration substrates contains two forks, of which only that involved in branch migration is essential (H.Stahl, unpublished results). The helicase that associates with the fork of the branch migration structure may simultaneously bind the third strand and continuous contact during unwinding may then enable its concomitant annealing, which in turn may enhance the processivity of the helicase.
p68 genes from yeast to man contain a large intron near the 3′ end, the position of which is conserved (36, 38) . The presence of this intron has been shown to regulate gene expression negatively by providing a negative feedback loop (37, 38) . The helicase activity of p68 is essential for this autoregulation and it is possible that p68 alters the secondary structure of its pre-mRNA by the strand exchange activity in a way that interferes with splicing. Furthermore, the detection of p68 in spliceosomes (55 and our own observations) may point to a role of this protein (and possibly also of p72) in post-transcriptional regulation of the expression of other genes as well.
Finally, p68 has also been shown in our laboratory to unwind RNA-DNA hybrids, if the RNA strand contains the essential ss 3′ overhang (H.Stahl, unpublished results). This may be relevant for the function of p68 present in the highly purified 5-methylcytosine-DNA glycosylase complex isolated from developing chicken embryos (56) . RNA rich in CpGs is also present in this complex and it was shown that it serves as a guide for the demethylation complex to hemimethylated sites (57) . The molecular mechanism of this process is unknown, but an involvement of RNA-DNA hybrid structures (R-loops), being built up and/or resolved by strand exchange reactions, is conceivable. In support of this notion, it was shown that RecA can catalyse assimilation of complementary RNA into a homologous region of a DNA duplex. In E.coli, this R-loop formation by RNA strand exchange is likely to be required for recombination-dependent DNA replication (58, 59) .
